Abstract Many pharmacological treatments for stroke have afforded protection in rodent models but failed to show efficacy in clinical trials. This discrepancy may be due to the lack of long-term functional studies. Previously, delayed administration of the sigma receptor agonist 1,3-dio-tolylguanidine (DTG) reduced infarct volume after middle cerebral artery occlusion (MCAO) in rats. The present study was conducted to determine whether the protective effects of DTG lead to improvements in behavioral functioning. Rats were subjected to MCAO and administered 7.5, 1.5, or 0.75 mg/kg DTG beginning 24 h post-surgery. Histological outcomes (96 h, 2 weeks, and 5 weeks) were compared with performance on a series of behavioral tests (2 and 4 weeks). Fluoro-Jade staining and immunohistochemistry were used to assess infarct volume and immune cell recruitment. All doses significantly reduced infarct volume and perturbation of striatal white matter tracts at 96 h. These reductions were associated with decreased numbers of CD11b-positive amoeboid microglia/ macrophages. Despite short-term efficacy, DTG failed to improve behavioral outcomes or reduce infarct volumes after 96 h. While DTG may prove beneficial as a short-term therapy, these data highlight the importance of long-term functional recovery when evaluating novel therapies to treat stroke.
Introduction
Due to the widespread incidence of stroke and the associated costs to society, the need for novel treatments is greater than ever before. The limited therapeutic window of r-tPA therapy has prompted investigations aimed at identifying compounds that can provide neural protection at delayed time points after stroke onset. Despite numerous attempts, pharmacological treatments that have shown efficacy in rodent models have not been proven beneficial in the clinical setting [1] [2] [3] [4] [5] .
Mounting evidence suggests that the lack of efficacy may be due, at least in part, to the complex immune response to ischemic insult. The initial wave of cell death resulting from ischemia initiates a local [6] and systemic immune response [7] [8] [9] [10] that ultimately contributes to neural injury, encompassing both neuronal death and injury to cerebral white matter tracts [11] . Activation of resident microglia and extravasation of peripheral leukocytes into the brain facilitate pro-inflammatory signaling [12, 13] . Despite the purported deleterious role of microglia/macrophages, ablation of these cells increases infarct volume [14] and impairs remyelination following injury [15] , indicating that these cells play a complex role in the post-stroke immune response.
Although the precise mechanisms remain unknown, experimental research has provided insight into the progression of ischemic injury. For example, ischemic preconditioning has been shown to reduce neural injury in the middle cerebral artery occlusion (MCAO) model of focal ischemia [16, 17] . Other data showed that splenectomy 2 weeks prior to MCAO resulted in profound neuroprotection that was associated with reduced numbers of activated microglia/macrophages [18] . Because the spleen is a reservoir of immune cells, the splenic response to stroke may involve signaling that recruits these cells to the injured site.
To date, sigma receptors are understudied, yet potentially important, targets to dampen pro-inflammatory signaling that promotes expansion of the core infarction. Administration of the sigma receptor agonist 1,3-di-o-tolylguanidine (DTG) 24 h post-MCAO reduced infarct volume, astrogliosis, and microglia/macrophage recruitment at 96 h [19] , suggesting that the delayed inflammatory response is an important mechanism involved in ischemic injury progression. Notably, experiments conducted using primary microglial cultures from rats also showed that DTG blocked several components of microglial activation elicited by both LPS and ATP [20] . These data led to the hypothesis that sigma receptor agonism would provide long-term protection from ischemic injury after stroke. Therefore, the present study was conducted using the rat model of MCAO to determine whether the efficacy of DTG in reducing stroke-induced neural injury leads to functional recovery, as measured by performance on a series of behavioral tests commonly used to assess the efficacy of experimental compounds.
Materials and Methods

Animals
All animal procedures were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals with a protocol approved by the Institutional Animal Care and Use Committee at the University of South Florida. Male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 300 to 350 g were housed in a climate-controlled room with water and laboratory chow available ad libitum. A total of 48 animals were used in this study.
Laser Doppler Blood Flow Measurement
Anesthesia was supplied through a nose cone (3% to 4% isoflurane in 100% oxygen, flow rate 2 L/min) and was maintained throughout the procedure. Rats were treated prophylactically with ketoprofen (10 mg/kg s.c.), atropine (0.25 mg/kg s.c.), and Baytril (20 mg/kg i.m.). Ketoprofen injections were continued 3 days post-MCAO to minimize pain and discomfort. Blood perfusion was monitored using the Moor Instruments Ltd. laser Doppler with MoorLAB proprietary Windows-based software (Moor Instruments, Devon, England) on a standard laptop for the duration of the procedure. For Doppler probe insertion, an incision was made just lateral to the midline of the dorsal plates of the skull and a small hole was drilled into the skull at 1 mm posterior and 4 mm lateral to bregma. A hollow, stainless steel guide screw was placed into the hole in the skull and a fiber optic cable (500 µm) was inserted through the screw guide and secured with super glue (Vetbond, 3M). Following MCAO, the screw was removed and the scalp incision closed with surgical sutures. Rats that did not show ≥60% reduction in perfusion during MCAO were excluded from the study.
Permanent Middle Cerebral Artery Occlusion
The methodology employed for MCAO has been previously reported [19] . Briefly, rats were anesthetized, the common carotid artery was separated from the vagus nerve, and blunt dissection was performed to isolate the internal carotid artery (ICA), the external carotid artery (ECA), and the middle cerebral artery (MCA). A 40-mm monofilament was introduced into the ECA, fed distally into the ICA, and advanced approximately 25 mm through the Circle of Willis to the origin of the MCA. The monofilament was then secured into the vessel to achieve permanent occlusion. Reductions in blood flow were recorded using a laser Doppler monitor. Only animals that demonstrated ≥60% reduction in blood flow were included in the study. Following recovery, animals were randomly assigned into treatment groups for each study. Before and during the MCAO induction surgeries, small (100 µl) venous blood samples were obtained and immediately analyzed using the i-STAT handheld clinical analyzers. The physiological parameters that were monitored include hemoglobin, hematocrit, ionized calcium, glucose, sodium, potassium, pH, pCO 2 , HCO 3 , TCO 2 , base excess, pO 2 , and O 2 . No differences in these measures were found between the groups of rats used in the treatment studies.
Drug Administration
Vehicle or DTG was administered once daily (s.c.) beginning 24 h after MCAO for all experiments. Separate experiments were performed including a dose-response regimen in which animals were killed 96 h post-MCAO and two extended-dose regimens in which animals were killed either 2 or 5 weeks post-MCAO (Fig. 1) . For doseresponse, animals received a total of three injections. All extended-dose animals received a total of 12 injections. Groups for the dose-response regimen were vehicle (n=4), 7.5 mg/kg DTG (n=4), 1.5 mg/kg DTG (n=4), and 0.75 mg/kg DTG (n=4). For the 2-week extended-dose animals, groups consisted of vehicle (n=4) and 7.5 mg/kg DTG (n=4). For the 5-week extended-dose animals, groups consisted of vehicle (n=9), 7.5 mg/kg DTG (n=7), and 0.75 mg/kg DTG (n=8). Vehicle consisted of DMSO for dose-response rats and 3% lactate diluted in 0.9% sterile saline for extended-dose rats. DTG was prepared fresh each day.
Tissue Preparation
Animals were euthanatized at 96 h (dose-response) and 2 or 5 weeks (extended-dose) after MCAO and perfused with 0.9% saline followed by 4% paraformaldehyde in phosphate buffer (pH 7.4). The brains were harvested, post-fixed in paraformaldehyde, and saturated with increasing sucrose concentrations (20%, 30%) in phosphatebuffered saline (PBS, pH 7.4). Brains were frozen and sectioned coronally at 30 μm thickness using a cryostat. Sections were thaw-mounted onto glass slides and stored at −20°C prior to staining. For both immunohistochemistry and Fluoro-Jade staining, six sections were selected from each rat brain at specific intervals (from 1.7 mm anterior to bregma through −3.3 mm posterior to bregma) that included striatal and hippocampal regions of the infarct.
Immunohistochemistry
Immunohistochemistry was performed as previously described [21] to assess microglia/macrophage abundance and morphology at the injured site. Slides were rinsed with PBS, permeabilized and blocked for 60 min (3% Triton-X, 3% 1 M lysine, 10% normal goat serum in PBS), incubated overnight with primary antibody at 4°C, washed three times with PBS, incubated for 60 min with fluorescent-tagged secondary antibody at room temperature, and coverslipped using Vectashield Hard Set mounting media (Vector Labs, Burlingame, CA). The CD11b antigen was detected using mouse anti-OX-42 (Serotec, Raleigh, NC; 1:3,000), myelin basic protein (MBP) was detected using mouse anti-MBP (Abcam, Cambridge, MA; 1:1,000), and neuronal nuclei were detected using mouse anti-NeuN (Chemicon, Temecula, CA; 1:30,000). Secondary antibodies used were goat antimouse Alexa Fluor 488 and 594 (Molecular Probes, Eugene, OR; 1:300). Fig. 1 Experimental design. For the dose-response experiment (a), animals were subjected to permanent MCAO, administered vehicle or DTG (7.5, 1.5, or 0.75 mg/kg) once daily for 3 days beginning 24 h after MCAO, and killed at 96 h for measurement of infarct volume. For the extended-dose experiments (b), animals subjected to behavioral testing were trained for 1 week prior to MCAO, administered vehicle or DTG (7.5 or 0.75 mg/kg) once daily for 12 days beginning 24 h after MCAO, and tested for performance on the behavioral battery at 2 and 4 weeks post-MCAO (5-week sac). An additional group of animals received the same extended-dose regimen but were killed at 2 weeks post-MCAO for measurement of infarct volume (2-week sac)
Fluoro-Jade Staining Fluoro-Jade (Histochem, Jefferson, AR) staining was performed to label degenerating neurons. This method was adapted from that originally developed by Schmued et al. [22] and has been subsequently detailed [23] . Thawmounted sections were placed in 100% ethanol for 3 min followed by 70% ethanol and deionized water for 1 min each. Sections were then oxidized using a 0.06% KMnO 4 solution for 15 min followed by three rinses in ddH 2 O for 1 min each. Sections were then stained in a 0.001% solution of FluoroJade in 0.1% acetic acid for 30 min. Slides were again rinsed, dried at 45°C for 20 min, cleared with xylene, and coverslipped using DPX mounting medium (Electron Microscopy Sciences, Ft. Washington, PA).
Image Analyses and Quantification
For immunohistochemistry, images were acquired using a Zeiss Axioskop2 controlled by Openlab software (Improvision Ltd., Lexington, MA). Photomicrographs were captured with a Zeiss Axiocam Color camera. All images subjected to direct comparisons were captured at the same exposure and digital gain settings to minimize confounds of differential background intensity or false-positive immunoreactivity across sections.
Fluoro-Jade-stained tissue sections were photographed at ×1.25 magnification with an Olympus IX71 microscope controlled by DP manager software (Olympus America Inc., Melville, NY). Images were then edited with Jasc Paintshop Pro to sharpen and enhance contrast to the same specifications across sections. Total area of neurodegeneration, as indicated by Fluoro-Jade staining, was measured using NIH Image J software. The areas of the contralateral hemispheres were also measured and infarct volumes were determined by dividing the total ipsilateral area occupied by fluorescent stain by the total area of the contralateral hemisphere for each section. Data were then expressed as percent of contralateral.
Behavioral Paradigms
To assess functional recovery, behavioral performance of animals in the 5-week extended-dose group was assessed at baseline (preoperative) and 2 and 4 weeks after MCAO. Spontaneous activity was performed during the light (1-h trial) and dark (12-h trial) phases of the light cycle. All other tests were performed during the light phase between 2 and 4 h after lights on.
Rotorod Animals were trained on the accelerating Omnirotor rotorod (Omnitech, Rotoscan, Columbus, OH) for three consecutive days prior to baseline data collection. The rotorod was set to accelerate slowly from 0 rpm to a maximum speed of 40 rpm over 180 s. All animals were capable of remaining on the rotorod up to 30 rpm at the conclusion of the training period. During testing, animals were placed on the rotorod and latency to fall was recorded once daily for 3 days. Rats that performed the task up to 40 rpm were assigned a maximum value of 180 s.
Step Test Animals were held with one forepaw placed on a hard surface and moved in the direction of the placed limb at a steady speed for a distance of 1 m. This was repeated three times for each paw and the bias was calculated as the difference between the number of steps taken with the right and left paw.
Elevated Body Swing Test Animals were held by the base of the tail and suspended 6 in. above the testing area. The number of lateral elevations to the right or left side was counted over 20 trials. The bias was calculated as the absolute value of the difference between right and left side elevations.
Spontaneous Activity Spontaneous activity was monitored using the VersaMax System (Accuscan Instruments, Columbus, OH). Animals were placed in a Plexiglas box (35×20×30 cm) and allowed to roam freely during the sample period. Infrared beams mapping the horizontal and vertical planes detected movements reflecting distance, location, time, and count. Data was collected at 5-min intervals for 1 h during the daytime activity test and at 12-h intervals during the nighttime activity test. Data collection began 1 h before lights out during the night test and 2 h after lights on for the daytime test. Thirteen parameters were selected for analysis: horizontal and vertical activity, vertical movement number, vertical time, total distance, center distance, marginal distance, rest time, clockwise and counterclockwise rotations, stereotypy number, stereotypy count, and stereotypy time.
Statistical Analyses
All data were expressed as group mean ± SEM. A value of p<0.05 was considered significant for all analyses. Significance was determined by two-way ANOVA and main effects were subjected to Bonferroni's post hoc tests.
Results
DTG Reduces Neurodegeneration 96 h after MCAO
Animals subjected to permanent MCAO were administered 7.5, 1.5, or 0.75 mg/kg DTG once daily for 3 days beginning 24 h after insult and killed at 96 h to determine whether DTG could reduce neurodegenerative damage (Fig. 2) . Treatment with vehicle alone resulted in prominent Fluoro-Jade staining throughout the ipsilateral corpus striatum and cortical tissue, while staining in the contralateral hemisphere was virtually absent (Fig. 2a) . All doses of DTG tested resulted in greatly reduced Fluoro-Jade staining (Fig. 2b-d) . While positive staining was detected at low levels in all treatment groups, the majority of tissues visualized did not appear to show fluorescent labeling above background levels compared with the contralateral hemisphere. Quantification revealed significant reductions in Fluoro-Jade staining at each dose relative to vehicle alone, and each dose was equally efficacious in providing neuroprotection 96 h after stroke (Fig. 2e) .
DTG Reduces CD11b-Positive Amoeboid Cells and Preserves White Matter Integrity
Immunohistochemistry was performed to determine whether the neuroprotective effects of DTG were associated with diminished immune cell recruitment (Fig. 3) . CD11b-positive microglia/macrophages were abundant in the ipsilateral hemisphere of animals treated with vehicle alone.
These cells displayed the classic amoeboid phenotype associated with injury and localized to the corpus striatum, corpus callosum, and cortical region immediately dorsal to the striatal infarct (Fig. 3a, c) . In contrast, immunoreactivity in the contralateral hemisphere was present only in ramified cells, indicative of the resting phenotype, and these cells were far fewer in number compared to the ipsilateral staining profile (Fig. 3b, d) . Amoeboid CD11b-positive cells were also seated on the intrafascicular white matter bundles of the ipsilateral corpus striatum (Fig. 3e) , while diffusely distributed ramified cells populated the contralateral control hemisphere (Fig. 3f) . Importantly, striatal white matter that contained increased numbers of microglia/ macrophages also showed greatly reduced MBP immunoreactivity (Fig. 3g) compared to contralateral white matter (Fig. 3h) .
Because all doses of DTG showed equal efficacy in reducing neurodegeneration after MCAO, the lowest dose was selected to determine whether the neuroprotective effects of DTG were associated with a diminished immune cell response (Fig. 4) . CD11b-positive cells were present in the ipsilateral hemisphere of animals treated with 0.75 mg/ kg DTG. Both hemispheres displayed diffusely distributed, ramified cells. Both the quantity and phenotype present in Fig. 2 DTG dose-response shows efficacy at 96 h. Vehicle-treated animals showed intense Fluoro-Jade staining within the ipsilateral corpus striatum and throughout the cerebral cortex at 96 h, while staining in the contralateral hemisphere showed no fluorescent signal above background levels (a). In sections from animals treated with DTG, Fluoro-Jade staining was predominantly localized to the striatum, occupied smaller regions of tissue, and displayed lower intensity relative to vehicle-treated animals (b-d). Quantification of Fluoro-Jade staining revealed significant reductions at each dose relative to vehicle-treated rats, and all doses demonstrated equal efficacy in reducing neurodegeneration (e). Scale bars=2 mm. Asterisk denotes significance from vehicle at p<0.01. Number sign denotes significance from vehicle at p<0.05 the ipsilateral corpus callosum (Fig. 4a ) and corpus striatum (Fig. 4c) were indistinguishable from those within the respective contralateral regions (Fig. 4b, d ). Amoeboidshaped cells that were present in tissues from animals treated with vehicle alone (Fig. 4g, h) were not present in DTG-treated sections (4a, c). Consistent with these data, ipsilateral striatal white matter bundles immunostained for MBP (Fig. 4e) were indistinguishable from contralateral staining (Fig. 4f) , indicating preserved integrity of white matter after DTG treatment relative to vehicle alone (Fig. 4i) .
Extended Dosing does not Promote Behavioral Recovery
As DTG treatment reduced neurodegeneration and white matter injury at 96 h, a separate group of animals were subjected to behavioral testing to determine whether this compound also promotes functional recovery weeks after stroke onset. Baselines were recorded prior to MCAO. Rats were then administered 7.5 or 0.75 mg/kg for 12 days beginning 24 h after MCAO and subsequently retested for functional recovery at 2 and 4 weeks (Figs. 5 and 6) .
Although the rotorod test showed no change in performance between any treatment groups at any time point (Fig. 5a) , clear deficits were observed with the step test. Animals treated with vehicle alone showed significant reductions in the number of contralateral steps relative to baseline values, yet neither dose of DTG was effective in reducing these deficits (Fig. 5b) . Interestingly, all rats showed a bias of contralateral turning that, while significantly increased from baseline, did not differ across treatment groups over time (Fig. 5c ). The number of contralateral steps and turns was not statistically significant at 4 weeks compared to 2 weeks, irrespective of treatment.
The overall effects of spontaneous activity demonstrated that treatment with DTG did not differ from vehicle-treated Fig. 3 Microglia/macrophages populate the infarct and are associated with white matter injury at 96 h. CD11b-expressing cells densely populated the ipsilateral corpus striatum, corpus callosum, and cortical regions dorsal to the infarct in tissues from animals treated with vehicle (a). These cells displayed amoeboid morphology consistent with the activated phenotype (c). In the contralateral control hemisphere, CD11b-positive microglia/macrophages were fewer in number (b), were predominantly restricted to the corpus callosum, and displayed ramified or hypertrophic ramified morphology (d). Immunoreactivity for CD11b also localized to cells seated within the intrafascicular white matter bundles of the ipsilateral corpus striatum (e) that showed reduced MBP immunostaining (g), and these effects were not observed in the contralateral control regions (f, h). Arrows in e and f denote the inserts at higher magnification showing amoeboid and ramified microglia, respectively. Arrow in g depicts reduced MBP immunoreactivity in intrafascicular white matter bundles relative to those on the contralateral hemisphere (h, arrow). Scale bars=100 µm (a, b), 50 µm (c-h) group in hyperactivity. Increased horizontal activity for both the 1-and 12-h testing periods was observed in response to both doses of DTG relative to baseline measures, and activity between treatment groups did not differ between 2 and 4 weeks (Fig. 6a, c) . Similarly, vertical activity also increased for both the 1-and 12-h testing periods relative to baseline, and there were no differences across treatment groups over time (Fig. 6b, d ).
Extended Dosing does not Reduce Neural Injury at 30 Days
To determine whether the neurohistological outcome was linked to functional recovery at 4 weeks, NeuN immunohistochemistry was performed on tissues from animals in the 5-week extended-dose group (Fig. 7) . This neuronal marker was abundant throughout the contralateral hemisphere in the cortical and striatal regions. Prominent ipsilateral striatal lesions were detected in animals from both treatment groups ( Fig. 7a, b; arrows) . Additional regions of reduced NeuN immunoreactive cells were also evident in cortical tissues ( Fig. 7c; arrow) . Consistent with the behavioral outcomes, quantification revealed no significant differences in NeuN-positive area measurements between animals treated with vehicle and those administered DTG (Fig. 7d) .
Maintenance of Dosing does not Provide Long-Term Protection
Data showed that repeated dosing for 3 days, beginning 24 h after MCAO, significantly reduced neurodegeneration at 96 h. However, repeated dosing for 12 days showed no longterm efficacy in improving the behavioral or neurohistological outcomes. To further examine this discrepancy, a separate group of animals were subjected to the extended dosing regimen and killed at 2 weeks to determine whether uninterrupted dosing of DTG is necessary to reduce neurodegeneration, or conversely, whether the lack of functional recovery correlates with failure to neuroprotect. Immunohistochemistry was performed on tissues from animals in the 2-week extended-dose group (Fig. 8) . CD11b immunoreactivity was detected on amoeboid cells throughout the infarcted regions after treatment with vehicle (Fig. 8b) or 7.5 mg/kg DTG (Fig. 8c) . Isolectin also localized to large amoeboid cells that demonstrated morphology similar to phagocytic or "foamy" macrophages (Fig. 8e, f) . The CD11b and isolectin staining profiles were indistinguishable between vehicle-and DTG-treated rats. In sham controls, CD11b expression was restricted to cells that exhibited ramified morphology (Fig. 8a) and did not bind isolectin (Fig. 8d) , which only labeled a subset of blood vessels within the infarct. Amoeboid-shaped cells were also absent from the ipsilateral hemisphere, in sharp contrast to animals treated with vehicle (g, h). MBP immunoreactivity labeled white matter bundles throughout the corpus striatum of both hemispheres (e, f) and showed greater intensity compared to the ipsilateral staining detected in vehicle-treated animals (i). Scale bars=50 µm, 100 µm (g) Infarct volume was quantified using areas devoid of NeuN immunofluorescence (Fig. 8g) . Consistent with the 5-week extended-dose animals, quantification of NeuNpositive staining revealed no significant differences in NeuN-positive area measurements across treatment groups at 2 weeks, indicating that DTG was ineffective in reducing long-term neurodegeneration even when there was no withdrawal of the compound prior to histological assessment.
Discussion
Sigma receptor activation has been shown to be beneficial in the treatment of transient [24] [25] [26] [27] and permanent [19] MCAO in rodents. Data here show that DTG, a compound that has previously shown promising results in vitro [20] and in vivo [19] , demonstrated short-term efficacy by reducing neurodegeneration and white matter injury at 96 h when administered once daily for 3 days beginning 24 h post-MCAO. At the 24-h time point following MCAO, the inflammatory response has begun and is characterized by the presence of activated amoeboid microglia. Sigma receptor activation is known to suppress microglial-mediated inflammation via upregulation of anti-inflammatory cytokines and inhibition of intracellular calcium signaling [20, 28] . Hall et al. has shown that DTG directly blocks microglial activation, inflammation, and migration [20] , which is congruent with the protection afforded by DTG in vivo associated with reduced microglia/macrophage recruitment to affected brain regions and a ramified phenotype associated with a quiescent state. These studies verified and confirmed our previous findings showing the protective effects of DTG at 96 h post-MCAO [19] .
Surprisingly, this compound showed equal efficacy at all doses tested. While DTG treatment has been associated with the induction of hypothermia, which is known to be protective, the lowest dose tested (0.75 mg/kg) was below the dose necessary for hypothermia to occur [29] . These data suggested not only that DTG exerts actions at multiple targets, but that therapeutic efficacy can be achieved at doses which are below those known to cause side effects in animal models [29] .
The next phase of the present study was to determine whether improvement in the neurohistological outcome translates into functional recovery at delayed time points. While most clinical trials use functional recovery at 30 days as a primary endpoint to determine efficacy, to our knowledge, this is the first study to determine therapeutic efficacy of sigma receptor activation beyond 96 h post-MCAO. Despite the potent short-term effects of DTG in Fig. 5 Extended dosing has no effect on rotorod, step test, or elevated body swing test performance. Rats were treated with 7.5 or 0.75 mg/kg for 12 days beginning 24 h after MCAO and behavioral testing was administered at 2 and 4 weeks postsurgery. No differences in rotorod performance were detected relative to baseline across treatment or time point examined (a). Significant reductions in the number of left steps were observed in all treatment groups relative to baseline (b). A trend toward increased left stepping was observed at 4 weeks relative to 2 weeks for each treatment group, yet there were no significant differences across treatment groups over time. Similarly, performance on elevated body swing test demonstrated a trend toward increased left turning at 4 weeks relative to 2 weeks for each treatment group with no significant differences across treatment groups over time. Asterisk denotes significance from baseline at p<0.05 Fig. 6 Extended dosing has no effect on open field activity. Rats were treated with 7.5 or 0.75 mg/kg for 12 days beginning 24 h after MCAO and behavioral testing was administered at 2 and 4 weeks postsurgery. Horizontal and vertical open field activity was recorded over two trial periods (1 and 12 h). Horizontal activity was significantly elevated during both trials for all treatment groups relative to baseline but did not differ with respect to treatment or time point examined (a, c). Vertical activity was increased from baseline in vehicle-treated animals only at 4 weeks during the 1-h trial (b). DTG treatment resulted in increased vertical activity relative to baseline in all cases with the exception of the 2-week 12-h trials (d). Asterisk denotes significance from baseline at p<0.05 reducing Fluoro-Jade staining and preserving MBP-positive white matter tracts, data from the 5-week extended-dose experiment showed that 12 daily injections of DTG failed to promote functional recovery. Importantly, these animals were subjected to behavioral testing 2 and 4 weeks post-MCAO. The fact that animals showed no improvement at 2 weeks or immediately following the completion of dosing, suggested that neither increasing the total dose nor minimizing withdrawal from the compound promoted behavioral recovery. Quantification of NeuN immunoreactivity also confirmed the presence of severe infarctions at 5 weeks, the magnitude of which did not differ significantly across treatment groups.
Although DTG did not provide any long-term protection, the interpretation of these data was complicated by several caveats. The most obvious was the fact that DTG demonstrated potent efficacy in reducing neural injury at 96 h. Thus, it was unknown exactly when the compound failed to combat degenerative processes. Similarly, because the 5-week animals were subjected to behavioral testing at 4 weeks, data was lacking regarding the true association between functional outcome and neurohistological outcome at 2 weeks. In conjunction with conflicting reports regarding the reproducibility and reliability of various behavioral paradigms in the field of stroke research, the final experiment was conducted to determine whether the 12-day dosing regimen reduces infarct volume when animals are killed immediately following treatment. Once again, data showed that the 2-week extended-dose animals displayed substantial cerebral infarctions that occurred irrespective of treatment. The 2-week infarcts were accompanied by increased infiltration of amoeboid-shaped microglia/macrophages that expressed CD11b. These cells also bound isolectin, which occurs in response activation. The fact that DTG effectively reduced infarct volume and immune cell infiltration at 96 h, but not 2 weeks, suggests that infarct expansion is intimately connected with the immune cell response to ischemic injury.
Taken together, these data raise several implications regarding the actions of DTG and the nature of stroke injury in general. The fact that DTG was effective in reducing neurodegeneration and white matter injury in the short-term, despite being administered at a delayed time point, indicates that the delayed immune response is a critical component of infarct expansion. These data also provide evidence that the short-term efficacy of DTG was due, at least in part, to reducing the activation and recruitment of CD11b-expressing immune cells either directly or indirectly. Importantly, this initial protection was insufficient to protect the rat brain from long-term neural injury. This latter point indicates that there are likely other mechanisms or other signaling pathways subserving Fig. 8 Maintaining dosing does not decrease neuroinflammation or infarct volume at 2 weeks. CD11b immunoreactivity localized to amoeboid microglia/ macrophages throughout the infarct in tissues from animals treated with vehicle (b) or 7.5 mg/kg DTG (c). Increased isolectin binding was also detected and localized to cells exhibiting morphology consistent with "foamy" macrophages (e, f). This cellular immune response occurred irrespective of treatment and was markedly elevated relative to sham controls, which showed CD11b-expressing cells with ramified morphology (a) and virtually no lectin-binding immune cells (d). Separate tissues were immunohistochemically stained for NeuN and infarct volume was quantified (g). Animals treated with DTG showed no significant differences in infarct volume compared to vehicle-treated controls. Scale bars=50 µm similar mechanisms, which are involved in promoting progressive stroke injury. However, it is also possible that, after the initial inhibition by DTG, the immune response becomes heightened in a compensatory fashion to a degree where DTG is no longer effective. Thus, although DTG represents a short-term treatment for stroke that may be effective in the clinical setting, a multiple pharmaceutical target approach would be necessary to combat the various elements of stroke-induced injury progression that ultimately impede functional recovery.
Conclusion
Regardless of the precise mechanisms involved, data here clearly show that demonstrating short-term protection is not sufficient to deem a compound promising for the treatment of stroke. As novel therapies continue to fail clinical trials, the field of stroke research would likely benefit from instituting long-term behavioral recovery as the bench mark for efficacy.
